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Biological Bases for Cancer Dose-
Response Extrapolation Procedures

by James D. Wilson *

The Moolgavkar-Knudson theory ofc g of ipom the viable portionsofearier multiage theories

and prides the basis for both the lin dmul and biogcly baseddow4 eponse
This thry begn With th pre that occurs because Ire sble genetic chans (mutations) are requrd for

trani fmio ofnmal cellsto canc cels; inc data ar c ent with only twocrit changes being required,
but a small contribution from throe or higher mutation pathys cannot be ruled out. Events or agents that increase the
rate ofceD division also increae the that one ofthesecritical wil occur by redudng the time available

for repair ofDNA lesions before mitosis. The DNA lesions can occur from background causes or from treatment with
mutagenic agents Thus, the equations describing incidence as a function ofexposure to cardnogenic agents include two
separate terms, one accounting for mutagenic and one for mitogenic stimuli. At high exposures these interact, produc-
ing synergism and high incidence rates, but at low exposures they are effectively independent. The multis modelsthat
are now used include only terms corresponding to the mutanstimuli and thus fail to adequately describe incidence
at high dose rates Biologically based models attempt to include mitogenic effects, as well; they are usualy nUited by data
availability.

Introduction
Amid the controversy that has swirled around procedures for

extrapolating cancer hazard functions to very small exposures,
there has been a frequent assertion that the procedures have no
scientific foundation. Implied in that assertion is the idea that
procedures lacking such a foundation cannot serve a useful func-
tion in public health. This paper explores the foundations of
dose-response models.
A variety ofmathematical models have been used (or proposed

to be used) over the last 15 years to draw inferences about the
hazard function for cancer in exposures far below where a dose-
response can be observed. They can be divided into two groups:
those based on some tolerance distribution (probit, logit,
Weibull) and those that derive, one way or another, from models
for the age-specific incidence ofcancer. Included among the lat-
ter are the gamnua-multihit procedure, the linearized (LMS) pro-
cedure of Guess et al. (1), and the several recent procedures
sometimes called biologically based models (2-4).

"Biologically based models" carries a connotation that the
widely used probit, Weibull, and LMS procedures are not bas-
ed on the biology we know. That clearly is not so. What is true
is that the more recent procedures are derived from amore nearly
complete theory-Moolgavkar and Knudson's two-event theory
of carcinogenesis (5)-and from a richer observational base.
Thus, they are more likely to be reliable outside the observable
range.
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Tolerance-Distribution Models
It is now generally accepted that the probit and Weibull models

and related procedures are phenomenologically based. They suc-
cessfully describe a broad range ofphenomena relevant to the
estimation of a carcinogen hazard function. Probit and related
mathematical models describe the dose-response curves usually
observed in the medical sciences, whereas Weibull-type func-
tions describe mortality. Yet, it is also recognized that there are
not underlying theoretical bases for these particular functions.
Further, the data used to derive these models are not precise
enough to permit good tests oftheir reliability, even at incidences
in the 1% range (W. J. Adams et al., unpublished results). Thus,
no statement can be made about how well each might represent
reality when extrapolated to incidences well below the obser-
vable range (i.e., risks of 10-3 or smaller). Because the in-
cidence predicted by the probit function declines more rapidly
with decreasing dose than that ofany other commonly used func-
tion, it might be considered to represent a conceptual (not
statistical) lower bound to the extrapolated function. Such use is
arbitrary.

Model-Free Procedures
Gaylor et al. (6) and Krewski et al. (7) have described very

similar procedures for setting exposure limits based on bioassay
data. The basis for these appears to be entirely pheno-
menological, although some theory must underlie their use
(if only the theory that response is some monotonically
increasing function of exposure). We would assert that the
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justification for choosing the linear-through-zero approach
follows from the same biological theory that inspired the LMS
procedure (vide infra). However, to the extent that these pro-
cedures are believed to have no basis in theory, their use is
arbitrary.

Multi-Event Models and Procedures
The family of multi-event models includes a variety of

standard-setting procedures and mathematical models, including
the LMS and gamma-multihit procedures, the Armitage-Doll
model (8), and models derived by Moolgavkar and Knudson (S)
and others (2-4,9). These have a long and honorable history
[described some time ago by Whittemore and Keller (10)]. The
formulation was developed to describe the age-specific incidence
of adult cancers. If it is assumed that carcinogens behave as
chemical electrophiles, undergoing chemically first-order reac-
tions with DNA, then the Guess et al. exponential formulation
in dose (1) fills out naturally. However, out Moolgavkar (11)
pointed in 1979 that the Armitage-Doll model does not fit the age-
specific incidence data for most cancers, particularly those ofthe
sex organs and ofchildhood. Ifthe validity ofthe Guess et al. (1)
formulation depended on the general validity of the Armitage-
Doll model, we would have to conclude that the use of these
models should be abandoned. However, that model can equal-
ly well be derived from the more general Moolgavkar descrip-
tion of the incidence by making certain assumptions. Thus, these
procedures can be valid under a certain set of conditions. What
follows is a brief description of the theory of carcinogenesis as
it now stands, leading to a discussion of the limitations of these
simplified procedures and the possible strengths and limitations
of more complex models based on the Moolgavkar-Knudson
theory.
We will not discuss further the gamma-multihit model. Its

theoretical base is identical to that of the other multi-event
models. What distinguishes the gamma-multihit model is the
assumption of a particular function for the dose response. Ap-
parently, this form was assumed for the model's tractability, since
the resulting equations can be solved exactly. There seems to be
no reason to believe that these equations adequately represent
reality.

Theory of Carcinogenesis
Cancer is now regarded as a disease of differentiation, by

which is meant that the cells that grow into cancer divide when
they should undergo differentiation. Genetic change (alterations
heritable at the level of the cell) is required, but epigenetic risk
factors clearly are important as well. The chalones discussed
before 1980 (13) now are identified as the protein hormones
called "growth factors" (6,14). The critical genetic changes
somehow involve these grwth factors. Yet, the fundamental con-
cepts that are the modern equivalents of growth factors go back
half a century of more.

In 1981, Moolgavkar and Knudson (5) described the first syn-
thesis ofold concepts that provides a satisfactory theory of car-
cinogenesis. A similar theory was described shortly thereafter
by Greenfield et al. (2). The theory is built on two fundamental
concepts: Mutations occur when unrepaired DNA lesions are
present at mitosis, and at least two mutations in critical genetic

loci are required to convert a phenotypically normal cell to a
cancerous cell.

This theory assumes that cancers are clonal, that they do not
ordinarily start in tissues that do not include cells capable of fur-
ther division, and that mutant (cancerous) cells can continue to
mutate and thus evolve both genotypically and phenotypically.
This evolution confers survival advantages on the daughter
clones; it provides at the cellular level for the phenomenon called
"progression" by pathologists (15). Typically this progression
ends with the appearance of a clone capable of rampant
metastatic growth and the death of the host. Much has been
learned in the past decade about the nature ofthe critical loci that
are altered to bring about cancer. These alterations affect the
system by which intercellular regulation of mitosis and differen-
tiation takes place. This knowledge illuminates and solidifies the
basic theory propounded by Moolgavkar and Knudson. Several
mathematical formulations of this theory have appeared
(4,9,16,17). A complete solution has been published that
recognizes that each of the processes is stochastic (12,16).
The biological model encoded by these mathematical formula-

tions can be described as follows (2-5,15,18,19): In a tissue con-
taining cells capable of division (stem cells), normal cells can
either divide, giving two normal stem cells, or differentiate, giv-
ing a cell not capable of further division. Ifa normal cell enters
mitosis with an unrepaired lesion at some critical site, division
will yield one normal cell and one mutant cell. Such mutant cells
are identified as initiated, borrowing terminology from ex-
perimental carcinogenesis. Recent research suggests that these
initiated cells respond differently from normal cells to the hor-
mones that affect intercellular growth/differentiation regulation,
making them more likely to divide and less likely to differentiate
at any hormone concentration.

Initiated cells otherwise behave similarly to normal cells,
dividing to give additional initiated cells, differentiating, or
dividing with another unrepaired lesion to yield a twice-mutant
cell, now (probably) phenotypically cancerous. (Note that this
model describes the most frequently followed pathway between
normal cells and cancer. It implicitly includes the possibility that
more than two mutations can occur before the cancerous
phenotype emerges. Since mutation is a rare event, however,
such pathways will be rarely observed, just because of the con-
catenation of low probabilities.)

In Moolgavkar's original formulation (15,16), division, dif-
ferentiation, and mutation were taken as deterministic and
assigned rates a, (3, and IA, respectively. Normal cells divide at
rate al, differentiate at rate fll,and mutate at rate iI; initiated cells
divide at rate a2, etc. Now it is recognized that all these are
stochastic processes, and the labels are assigned to the several
corresponding transition probabilities (2,3,12,16).

This theory recognizes that certain treatments may increase the
net birth rates of initiated cells. These lead to expansion of the
clone of initiated cells; again borrowing from experimental
cancer, the process is termed "promotion" (5,15). Because it is
recognized that adventitious (background or spontanes) initia-
tion occurs through the natural mutagenic flux, the theory
predicts that pure promoters (agents with little or no mutagenic
activity) will act as complete carcinogens in ordinary bioassays.
This suggests that the term "complete carcinogen" conveys
nothing and that its use should be discontinued.
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The theory of carcinogenesis rationalizes a large number of
observations from experimental science, epidemiology, and
clinical practice (2-5,15). In addition, a number ofpredictions
made from the theory have been verified, particularly the
phenomenon called I-P-I (initiation-promotion-initiation) (13).
The theory provides a good explanation for the age-specific in-
cidences of essentially all cancers (5,11), including the adult
cancer for which the Armitage-Doll model provided an earlier,
different explanation. The Armitage-Doll explanation is now
regarded as inadequate (20). Like Armitage-Doll, the current
theory is a member of the set of multi-event models, although
more specific than earlier ones in that it gives specific identifica-
tion to the several events. The theory differs from earlier theories
in the explicit place provided for effect ofincreased mitotic rate
on cancer risk. Both the various linear extrapolation procedures
and the more recent biologically based models can be derived
from this theory.

Extrapolation Procedures: Linear
Models

It is convenient to discuss derivation ofthe various procedures,
their applicability, and their limitations in the context of
Moolgavkar's approxinate solution to the age-specific incidence
(5,16).

l(t) X.LJ12 X(s) e(¶CX2Xt-S)dS

' ~~~~~~~~~(1)
Here X(s) denotes the number ofnormal stem cells at time s,

it, and I2 are the mutation rates ofnorma and initiat cels, and
(a2 - (32) is the net birth rate of initiated cells. [As Moolgavkar
and Dewanji pointed out (17), this equation is valid only for I(t)
< 0.2; at higher incidence a more nearly exact formulation must
be used.] In this formulation, the synergistic effects of initiated
cell mitotic rate on mutation probability become apparent.

Eq. (1) assumes only adventitious initiation and no effect of
treatment on any ofthe other parameters. Generalizing, taking
L =p + 1t,(d), where y0 is the adventitious rate, we obtain:

I(d,t) z [(Ojl.jd)](J.0.2d)l

Xf(d,s) e[O(,(d)OS(d)Xt-5)dS (2)

In other words, treatment is allowed to affect any or all of the
several parameters in the model.

Ifexperimental conditions are such that we can assume the in-
tegral term to be constant over a series ofexperiments carried to
constant time t, then Eq. (3) results.

l(d) -- (AO+p(d)]lAo-A2(d)] (3)

Ifwe further assume t(d) to be linear, as Guess et al. did (I), we
obtain:

(4)

Eq. (4) is the same as the approximate solution to the multistage
model ford < < givenby Guess etal. (1); italsocouldprovide

a rationale for procedures proposed by Gaylor et al. (6) and by
Krewski etal. (7).

Limitations of Linear Models
Two serious constraints exist for the linear models. The ap-

proximation from which they can be derived is valid only for
relatively low values of I, and there must be no significant in-
crease in the mitotic rate of either normal or initiated cells. In
fact, it appears from the recent work ofCohen and Ellwein (2,3)
that the first condition will usually be met if the second one is
met. Their work suggests that treatment conditions that increase
mitotic rate cause the incidence versus exposure curve to bend
sharply upward. At present, weknow only one example ofan ex-
periment yielding a tumor incidence in the 20% to 30% range
where the dose response is linear, viz., the liver tumors in mice
treated with 2-AAF in the EDO1 study (21). According to Cohen
and Ellwein's recent analysis (21), no evidence for a mitotic rate
increase is seen. Otherwise, so far, whenever relevant evidence
is available, high incidence seems to be accompanied by mitotic
rate increase (15). (Note that only a few well-characterized ex-
amples are yet available.)
The importance of this mitotic rate increase is quite clear. Ap-

plication oflinear models to high dose-rate data giving high in-
cidence is not appropriate. To apply linear models under those
circumstances will greatly exaggerate the estimated incidence.
It is especially inappropriate to apply these procedures with data
sets from treatment with nongenotoxic compounds. However, it
may be appropriate to use these methods for strongly genotoxic
compounds, when the data show no evidence for curvalinearity.
It is also clear that we need to investigate further the behavior of
mitotic rate under treatnent with mitogens so that we can begin
to address the deficiencies in these linear methods.

Biologically Based Models
Thorslund et al. (4) coined the phrase "biologically based

nwdels" to describe the family ofmodels they have explored. Im-
plied by the phrase is a notion that other models are not
biologically based and thus somehow inferior. This is not
necessarily the the case. Thorslund's model structures, in par-
ticular, suffer from an inability to incorporate time-dependence
ofcell number, mitotic rate, etc. They are thus vulnerable to be-
ing criticized as unrealistic. Moolgavkar has recendy published
a series ofpapers describing increasingly less approximate solu-
tions to the general model. The latest of these gives an exact,
though very complex, solution and an application to radiation-
induced cancer data (16). In principle, these sets of equations
should yield reliable estimates ofthe hazard function below the
observable range, since their biological base is the best known.
In practice, the successfl use ofthese equations for this purpose
will be some time in the future because their solution requires
data not gnerally aailable, and the effects ofvarious approxima-
tions and default parameters have not yet been adequately ex-
plored. Nevertheless, this development is one of the most ex-
citing in risk assessment in recent years.

The author very much apeciates the continued guidance given by Suresh
Moolcvkar and alsothe stimulag discussions with Chrisoph Pbrtieron this
topic.

295

I(d) -_. .j02 +(Al + P2)d + P.L2C12



296 J. D. WILSON

REFERENCES

1. Guess, H. A., Crump, K. S., and Peto, R. Uncertainty estimate for
low-exposure extrapolations ofanimal carcinogenicity data. Cancer Res. 37:
3475-3488 (1977).

2. Greenfield, R. E., Ellwein, L. B., and Cohen, S. M. A general theory of
carcinogenesis. Carcinogenesis 5: 437-445 (1984).

3. Ellwein, L. B., and Cohen, S. M. Comparative analyses of the tim-
ing and magnitude of genotoxic and nongenotoxic cellular effects in
urinary bladder carcinogenesis. In: Biologically Based Methods for
Cancer Risk Assessment (C. Travis, Ed.), Plenum Press, New York,
1989, pp. 181-192.

4. Thorslund, T. W., Brown, C. C., and Charnley, G. Biologically motivated
model for cancer risk models. Risk Anal. 7: 109-119 (1987).

5. Moolgavkar, S. H., and Knudson, A. G. Mutation and cancer: a model for
human carcinogenesis. J. Nadl. Cancer Inst. 66: 1037-1052 (1981).

6. Gaylor, D. W., Chen, J. J., and Kodell, R. L. Experinental designofbioassy
for screening and low-dose extrapolation. Risk Anal. 5: 9-16 (1985).

7. Krewski, D., Gaylor, D. W., Bickis, M., andSzyszkowics, M. Amodel-free
approachtolow-doseextrapolation. Environ. HealthPerspect. 90: 279-285
(1991).

& Armitage, P., Doll, R. The age distribution ofcancer andamulti-stage theory
of carcinogenesis. Br. J. Cancer. 8: 1-12 (1954).

9. Mauskopf, J. Paper presented at the 1986 Annual Meeting ofthe Society for
Risk Analysis, Boston, MA.

10. Whittemore, A., and Keller, J. B. Quantitative theories of carcinogenesis.
SIAM Rev. 20: 1-30 (1978).

11. Moolgavkar, S. H., and Venzon, D. J. TW-event models for carcinogenesis.
Math. Biosci. 47: 55-77 (1979).

12. Moolgavkar, S. H., Cross, F. T., Luebeck, G., and Dagle, D. E. A two-
mutation model for radon-induced lung tumors in rats. Radiat. Res. 121:
28-37 (1990).

13. Potter, V. R. A new protocol and its rationale for the study ofinitiation and
promotion ofcarcinogenesis in rat liver. Carcinogenesis 2: 1375-1379 (1981).

14. Bradshaw, R. A., and Prentis, S., Eds. Oncogenes and Growth Factors.
Elsevier Publishing Co., Amsterdam, 1987.

15. Wilson, J. D. Assessment of low-exposure risk from carcinogens: implica-
tions ofthe Knudson-Moolgavkr two-critical mutationtheory. In: Biological-
ly Based Methods for Cancer Risk Assessment (C. Travis, Ed.), Plenum
Press, New York, 1989, pp. 275-287.

16. Dewanji, A., and Moolgavkar, S. H. A stochastic two-stage model for cancer
riskassessment. PartII. The numberand size of pre-malignant clones. Risk
Anal. 9: 179-187 (1989).

17. Moolgavkar, S. H., and Dewanji, A. Biologically-based models for cancer
risk assessment: a cautionary note. Risk Anal. 8: 5-7 (1987).

18. Moolgavkar, S. Carcinogenesis modeling: from molecular biology to
epidemiology. Annu. Rev. Public Health 7: 151-169 (1986).

19. Knudson, A. G A two-mutation model for human cancer. Adv. Viral Oncol.
7: 1-17 (1987).

20. Moolgavkar, S. H. The Multi-stage theory of carcinogenesis and the age
distribution of cancer in man. J. Natd. Cancer Inst. 61: 49-52 (1979).

21. Cohen, S. M., and Ellwein, L. Proliferative and genotoxic cellular effects
in a 2-acetylaminoflourene bladder and liver carcinogenesis: biological
modelling ofthe EDO, study. Toxicol. Appl. Pharmacol. 104: 79-93 (1990).


